Despite knowledge that seasonality and plant phenology impact soil microbiota, 31 farming system effects on soil microbiota are not often evaluated across the growing season. 32
5 chemically-managed no-till, 2) an USDA-certified organic system utilizing tillage to 96 manage weeds and terminate cover crops, and 3) an USDA-certified organic system where 97 sheep (Ovis aries) grazing is used to manage weeds and terminate cover crops with the 98 goal of reuducing tillage intensity. 99
In this study, we evaluated patterns in bacterial diversity across the three farming 100 systems described above to elucidate the relative effects of management systems, soil 101 moisture, nutrient content, wheat yield, as well as weed abunandace and diversity on the 102 wheat rhizosphere soil bacterial communities. We hypothesized that 1) date within the 103 growing season be the strongest determinant of bacterial diversity and community structure, 104
2) farming systems would select for different bacterial communities over the entire 105 growing season, and that 3) farming system would modulate the response of the bacterial 106 community to environmental variables such as low moisture, high temperature, and plant 107 senescence. 108 7 weed control and to terminate the cover crops, with duration and intensity of grazing based 142 on weed biomass (Lehnhoff et al., 2017) . Grazing was supplemented with tillage as 143 necessary, based on soil conditions and weed pressure. Seeding was done with a low-144 disturbance no-till double-disk seeder. Further details of the management practices used 145 within each system and farming history prior to planting of these crops can be found To characterize soil microbial communities, rhizosphere soil cores were obtained 159 from each one of the nine year 3 winter wheat split-plots, within an 0.75 m 2 area, situated 160 randomly along the length of each 90-m split-plot. Three soil cores were obtained to a 161 depth of 15 cm using a 2-cm diameter core sampler, which was sterilized with 70% 162 isopropanol and air-dried between sample areas. and from each sample area. Soil (50 mL) 163 was homogenized and placed on ice until transport back to Montana State University, 8 where they were stored at -20°C until analysis. Each area was repeatedly sampled five 165 times during the 2016 growing season: April 21, May 12, June 1, June 22, and July 25 166 (prior to wheat harvesting). Additional soil samples were obtained on July 25, and stored 167 at 4°C until shipped to an independent laboratory (Agvise Laboratories, Northwood, North 168 Dakota, US) for analysis of organic matter, nitrate, phosphorous (Olsen), potassium, and 169 pH (Table S2) . 170 171
Plant community measurements and collection 172
Aboveground biomass of all weed species present within sampled areas was 173 harvested by hand in late June, when most weeds and wheat had matured. Weeds were 174 visually identified and separated by species, dried in an oven at 55° C for two weeks, and 175 weighed. Total wheat biomass was harvested from sampled areas by hand from 1.5 row 176 meters on July 25, 2016, immediately after soil samples had been collected. Wheat biomass 177 was dried in an oven for a week at 55° C, weighed, and then mechanically threshed to 178 remove grain. Laboratories, Inc.). Following extraction, an additional cleaning step was added: a 10% 186 volume of 2M sodium acetate was added to each sample, followed by a 200% volume of 9 100% ethanol. Samples were vortexed and refrigerated overnight at -20°C to precipitate 188 DNA, after which they were centrifuged at 16,000 x G for 5 min, supernatant was poured 189 off, and sample tubes were air-dried. Pellets were washed with 100% ethanol, allowed to 190 air dry again, and eluted into 100 µl of molecular-grade water. The V3-V4 region of the 191 16S rRNA gene was PCR amplified using the KAPA HotStart PCR Kit (Kapa Biosystems, 192 Wilmington, MA) with 10 µL Kappa HotStart Mastermix, 6 µL molecular-grade water, 1 193 µL of each forward and reverse primer at 10 mM concentration, and 2 µL sample DNA. 194 PCR protocol was as follows: 95º C for 3 min; 5 cycles of denaturation at 98º C for 20 sec, 195
annealing at 52º C for 30 sec, elongation at 72º C for 45 sec; 25 cycles of denaturation at 196 98º C for 20 sec, annealing at 60º C for 30 sec, elongation at 72º C for 45 sec. Primers 197 included the MiSeq adaptors (A for forward, B for reverse), the sample index/barcodes, the 198 two-nucleotide linker, and primers 341F (5'-CCTACGGGAGGCAGCAG-3') and 806R 199 (5'-GGACTACHVGGGTWTCTAAT-3') (Caporaso et al., 2011). High-throughput 200 sequencing was performed using an Illumina MiSeq (Illumina, San Diego, CA) and a 500-201 cycle V2 kit, with PhiX used as a positive control at a 10% spike-in, and molecular-grade 202 sterilized water as a negative control. Sequencing output data can be found in the Sequence 203 Read Archive (SRA) at NCBI under BioProject PRJNA383161. 204 205
DNA data processing and analysis 206
Bioinformatics were performed similar to previously described protocols (Ishaq et  207 al., 2017) with a few exceptions. Forward and reverse DNA sequence fragments were 208 assembled into contigs using PANDAseq (Masella et al., 2012) with > 15 nucleotide 209 overlap and default quality parameters, then processed using mothur ver. 1.38 (Schloss et 210 al., 2009) . Sequences that contained ambiguous bases, homopolymers > 8 nt, < 300 nt or 211 > 580 nt, were discarded. Sequences were aligned to the Silva nr 119 database (Quast et  212 al., 2013) using Needleman-Wunsch alignment (Needleman and Wunsch, 1970) , after 213 which all-blank columns and unaligned sequences were removed. Samples with > 50,000 214 sequences were subsampled down to 50,000 to improve analysis time. Chimeras were 215 identified and removed using mother-integrated UCHIME ( with Block to stratify data, split-plot as a repeated measure, 1,000 permuations, and 250
Bonferroni p-value correction. There was heterogeneity in samples by replicate block, 251 indicating a spatial difference in the soil conditions, which significantly affected bacterial 252 communities (PERMANOVA, uJ, F = 4.498, p = 0.001; Bray-Curtis, F = 3.6676, p = 0.001), 253 thus, all permutational calculations of distance included field replicate block as a 12 Dissimilarity were calculated in mothur and were visualized using ggplot2 (Wickham, 256 2009 ). A heatmap of significant Pearson's correlations between treatment parameters and 257 OTU abundance was created using corrplot (Wei et al., 2017) , which generated correlations 258 and tested significance. The bacterial community in soil was comprised of Actinobacteria, Proteobacteria, 288 and Acidobacteria, followed by Bacteroidetes, Firmicutes, Gemmatimonadates, 289
Verrucomicrobia, and Planctomycetes, and several low-relative-abundance phyla (Fig. 1) . 290
Within each sampling date, the relative abundance of Acidobacteria, Actinobacteria, 291
Armatimonadetes, Chlorobi, Chloroflexi, Cynaobacteria, Deinococcus-Thermus, 292
Fibrobacteres, Firmicutes, Proteobacteria, and Verrucomicrobia, as well as the candidate 293 phyla BD1-5, BRC1, SHA-109, SM2F11, TM7, WCHB1-60, and WS6 differed among 294 farming systems ( Fig. 1 ; Table S3 , p < 0.05). There was an increase in the mean coefficient 295 of variation for the relative abundance of each phylum over the growing season ( Fig. S1 ), 296
indicating that there was more variation in field replicates as bacterial abundance was 297 divergent across individual sample areas when soil was hottest and driest in July. 298 A total of 8,547 OTUs (97% cutoff) were identified, including many common soil 299 genera which were abundant throughout the growing season in all plots, including
Bacteroides which was prominent in OT sample 202 during July, and the insect-associated 303
Wolbachia which was abundant only in a single CNT sampled area in May (Fig. S2 ). 304 305
Seasonal effect 306
The effect of sampling date was manifested by the unimodal trend of soil bacterial 307 richness over the 2016 growing season. Across the three farming systems, observed OTU 308 (97% cutoff) richness peaked in early June, when it was greater than in April, May, or July 309 Sampling date significantly affected bacterial community similarity based on 317 member presence/absence collectively across the growing season (Table 1, Table 1 , BC, p = 0.0001), and was driven 321 by significant differences between June and July (Table S4) collective effects that farming system exerted upon soil bacterial communities was 329 observed between CNT and OG plots (Table S5) , both in presence/absence (uJ, F = 1.387, 330 p = 0.01), and weighted community structure (BC, F = 1.676, p = 0.014), indicating a 331 difference in presence/absence as well as relative abundance, respectively. OG and OT 332 contained significantly different communities by presence/absence (uJ, F = 1.41, p = 0.011). 333 CNT and OT had only equivicoally different presence/absence composition (uJ, p = 0.051). 334
Richness, evenness, and Shannon Diversity were not significantly different 335 between farming systems at any time point, or averaged across the growing season 336 (Conover, p > 0.05, Bonferroni corrected (BF)). Thus, there was no significant difference 337 on a pairwise basis between each farming system within each time point ( Fig. 3 ; 338 PERMANOVA uJ and BC, p > 0.05). However, there was more variability in soil bacterial 339 communities at the end of the growing season (betadisp, uJ and BC, p < 0.01), there was 340 no significant interaction between sampling date and farming system (PERMANOVA, uJ 341 and BC, p > 0.05; Table 1 ). There was no significant interaction between sampling date 342 and farming system in soil microbial community clustering (PERMANOVA, BC and uJ, 343 p = 1 BF). 344
Within the CNT and OG farming systems, a large number of OTUs were commonly 345 sampled across the growing season: CNT samples shared 4,530 (53.0% of total OTUs), 346
May (47.2% of total), 2,973 OTUs in early June (45.4% of total), 3,025 in late June (46.2% 349 of total), and 2,043 in July (23.9% of total). 350 Random forest classification was not able to predict bacterial communities based 351 on farming system (Fig 4; OOB estimate of error rate: 48%) or time point (not shown; 352 OOB estimate of error rate: 69%) with reliably high accuracy. OT plots contained more 353 putative nitrogen-fixing bacterial genera than OG or CNT (Fig. 5A) . Arthrobacter was 354 more abundant in organic plots across all time points, and particularly OT plots, though 355 CNT plots contained more Flavobacterium and an unclassified 97%-cutoff OTU in the 356
Bradyrhizobiaceae family (Fig. 5A ). All but the least abundant genera were significantly 357 (p < 0.05) differential for farming system (Fig. 5B ). Soil moisture, soil temperature, and 358 total and individual weed species biomas were important predictors of Arthrobacter 359 abundance (Fig. 5C ). 360 abundance of many of the most-abundant bacterial OTUs were negatively correlated with 373 increased soil temperature at respective date of sampling ( Fig. S6, p < 0.05 ). However, 374
Arthrobacter, Skermanella, Sphingomonas, Comamonadaceae, Bacteroides, Arenimonas, 375
and Microvirga were positively correlated with soil temperature (Fig. S6 , p < 0.05). Soil 376 moisture on the day of sampling was positively correlated with the most-abundant bacterial 377
OTUs, but showed a weakly-positive correlation with Shannon diversity (Fig. S6 , p < 0.05). 378
Soil pH was negatively associated with a number of bacterial genera, as was wheat 379 protein ( Fig. S7 , Pearson's corelations, p < 0.05). Soil pH was lower in CNT than OG 380 (ANOVA, p < 0.05); CNT (mean 5.9), OG (mean 7.00), OT (mean 6.77). Nitrate was 381 negatively associated with the putative genus 480-2, an unnamed clade in the 382 Actinobacteria phylum (Fig. S7 ). Organic matter was not correlated with any of the most-383 abundant bacterial OTUs identified in July soils, but nitate was strongly negatively 384 associated with the putative genus 480-2 (order Solirubrobacterales, phylum 385 Actinobacteria) ( Fig. S7) . 386 387 assessed the impact of management systems and time within the growing season on the 394 status of bacterial communities in three contrasting dryland farming systems: a chemically-395 managed no-till system and two organic farming systems that were maintained for four 396 years under USDA-organic prescribed conditions. 397 398
Farming system over the growing season 399
Farming systems selected for different bacterial communities, which has been well-400 established at single time-points, however we did not find significant farming system x 401 time effects. Transitioning a farm to a USDA organic-certified system takes just three 402 years to complete legally, yet it has been noted that soil microbial systems may take years Further, even after just four years under these management practices, we saw changes in 417 the soil bacterial community. 418
In this study, soil from the OG system exhibited less variation between plots in 419 bacterial species richness and moisture later into the growing season than the plots from 420 the OT system, and a neutral pH compared to the CNT systems. In July, more dispersion 421 was observed in community clustering, and in particular, OT plots had highly variable 422 mean evenness and richness between field replicates in July. This suggests a random 423 divergence of the bacterial community rather than a selective pressure in those plots at that 424 time. These differences may suggest that farming system may mediate the effects of the 425 environment, per our third hypothesis. Yet, the lack of strong community divergence by 426 farming system would suggest that the effects of environment may supersede the selective 427 effects of farming, or else that the farming systems, though past USDA certification, had 428 not been implemented long enough to significantly alter bacterial communities in the soil. 429 However, many of our time Organic agriculture and the quest for the Holy Grail in water-limited ecosystems: 600 managing weeds and reducing tillage intensity. Agriculture 7, 33.
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